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SUMMARY 26
The global regulator Hfq facilitates the action of regulatory RNAs in post-transcription gene 27 regulation in many Gram-negative bacteria. In Pseudomonas aeruginosa, Hfq, in conjunction with 28 the catabolite repression protein Crc, was shown to form a complex that directly inhibits translation 29 of target transcripts during carbon catabolite repression. Here, we describe and validate high-30
resolution cryo-EM structures of the cooperative assembly of Hfq and Crc bound to a translation 31 initiation site. The core assembly is formed through interactions of two cognate RNAs, two Hfq 32 hexamers and a Crc pair. Additional Crc protomers can be recruited to form higher-order assemblies 33 with demonstrated in vivo activity. The structures indicate a distinctive RNA conformation and a 34 pattern of repeating motifs that confer regulatory function. This study not only reveals for the first 35 time how Hfq cooperates with a partner protein to regulate translation but also provides a novel 36 structural basis to explain how an RNA code can guide global regulators to interact cooperatively 37 and regulate many different RNA targets. 38
INTRODUCTION 43 44
The control of gene expression in many bacteria is fine-tuned through intricate post-transcriptional 45 networks mediated by the action of small regulatory RNAs (Wagner and Romby, 2015). Many of 46 these regulatory molecules require the RNA chaperone Hfq, which protects the RNA against 47 ribonucleases and facilitates their base-pairing interactions with cognate RNA targets (Vogel and 48
Luisi, 2011). Hfq is a member of the Lsm/Sm family and shares with that group an ancient structural 49 core that oligomerizes to form toroidal architectures exposing several RNA-binding surfaces. Hfq and Crc have an even broader regulatory impact in Pseudomonas. It was shown that these 88 regulators can work in concert to bind many nascent transcripts co-translationally, uncovering a 89 large number of regulatory targets (Kambara et al., 2018) . 90
To gain insight into how P. aeruginosa Hfq cooperates with Crc in translational repression of 91 mRNAs, we determined the structure of the complex they form on the Hfq binding motif of the CCR-92 controlled amiE mRNA using cryo-electron microscopy (cryoEM). Our analyses revealed that the 93 components form higher order assemblies and explain for the first time how a recurring structural 94 motif can support the association of Hfq and RNA into cooperative ribonucleoprotein complexes 95 that have key regulatory roles. We observe that the interactions supporting the quaternary 96 structure are required for in vivo translational regulation. These findings expand the paradigm for 97 in vivo action of Hfq through cooperation with the Crc helper protein and RNA to form effector 98 assemblies. 99 100
RESULTS

102
An ensemble of Hfq/Crc/amiE 6ARN RNA assemblies 103
For cryo-EM structural studies of the Hfq/Crc/RNA complex, purified recombinant Hfq and Crc 104 proteins were mixed with an 18 nucleotide Hfq binding motif from the translation initiation region 105 of the CCR-controlled amiE mRNA, which encodes aliphatic amidase (hereafter, amiE 6ARN ). This 106 binding motif comprises of 6 repeats of an A-R-N pattern preferred by the distal face of Hfq. The 107 purified sample of Hfq/Crc/amiE 6ARN , after mild chemical crosslinking, yielded well defined single 108 particles on graphene oxide in thin, vitreous ice. Analysis of the reference free 2D class averages 109 and subsequent 3D classification indicated three principal types of complexes corresponding to 110 different stoichiometries of Hfq (hexamer):Crc:amiE 6ARN with compositions 2:2:2, 2:3:2 and 2:4:2 111 that had not been treated by crosslinking show that the quaternary structure was not affected by 120 the treatment (Table S1) . 121 122 Figure 1. Reference free 2D classification and 3D classification of Hfq:Crc:RNA particles. Three main classes of particles were observed after reference-free 2D classification (top), corresponding to Hfq:Crc:amiE 6ARN stoichiometries of 2:2:2, 2:3:2 and 2:4:2. The amiE 6ARN species (red) constitute the main interaction interface between Hfq and Crc, together forming the 2:2:2 core complex observable in all three models (bottom). Cyan: Hfq Hexamer, orange purple and pink: Crc monomers, red: amiE 6ARN . All cryoEM maps were low-pass filtered to 6 Å for interpretability and the crystal structures were docked in as rigid bodies. For clarity, only a subset of all the high quality 2D classes are shown in the panel.
123
In the core complex (2:2:2), the two Hfq hexamers sandwich the RNA and Crc components 124 ( Figure 2A ). Each Hfq interacts with one amiE 6ARN RNA and two Crc molecules, forming an assembly 125 with C2 symmetry. The molecular twofold axis passes through the centre of the two Crc molecules, 126 and the same Crc-to-Crc interface is observed in the crystal structure of the isolated Crc dimer 127 (generated through crystallographic symmetry) (Milojevic et al., 2013) . As anticipated, the 128 dominating protein/RNA interaction is made by the distal face of Hfq, forming an interface area of 129 ~2 270 Å 2 . The two Crc molecules interact with RNA residues exposed on the surface of Hfq, and both 130
Crc molecules contact the Hfq-rim on the distal side ( Figure 2A 
136
The Crc forms antiparallel dimers in the 2:2:2-complex, so there are two modes of interaction with 137 the amiE 6ARN RNA. Each binding mode is used once at either of the interfaces with Hfq/RNA ( Figure  138 2A). In each Crc monomer, Arg140 h 1 -NH 2 and Arg141 e-NH and h 1 -NH 2 interact with the 139 phosphodiester backbone of amiE 6ARN . Arg140 and Arg196 form a sandwich with the purine-base 140 of the A3 nucleotide at an entry/exit site of amiE 6ARN RNA. The Arg196 e-NH and h 1 -NH 2 groups 141 form hydrogen bonds with the U6-amiE 6ARN backbone and the U6 O2 group forms a hydrogen 142
bond with the Met156 amide. In the second mode of interaction, Lys155 z-NH 2 makes a hydrogen 143 bond with the OP 2 -group of C9 and the ribose hydroxyl group. Additional hydrogen bonds are 144 formed between Trp161 e 1 -NH and Arg162 h 1/2 -NH 2 and the phosphate backbone of amiE 6ARN 145 ( Figure 2A ). These highly organised interactions illustrate how the bases of amiE 6ARN as presented 146
by Hfq constitute a molecular interface for the RNA-mediated interactions between Hfq and Crc. 147 148 149 
158
The quaternary organisation of the 2:2:2 complex forms a core unit that is also present in the 2:3:2 159 and 2:4:2 complexes. In that common core, the interaction of the Crc with the RNA leaves 160 approximately half of the accessible surface of the nucleic acid exposed. For the 2:3:2 and 2:4:2 161 complexes, additional Crc units are recruited through interactions with the exposed portion of the 162 RNA ( Figure 3A ). As such, the C2 symmetry is broken by the third Crc molecule in the 2:3:2 complex 163 ( Figure 1 ). Interestingly, recruitment of a fourth Crc monomer to the complex restores the C2 164 symmetry, preserving the symmetry axis from the core complex, but with a conformationally 165 different Crc dimer interface between Crc molecules 3 and 4 ( Figure 3A ). The two additional Crc 166 monomers have small surface-area contacts with the rest of the complex and are likely to be 167 comparatively mobile, which may account for the stronger variation in resolution for the 2:3:2 and 168 2:4:2 maps compared to the rather rigid 2:2:2 core assembly ( RNA to form two different interfaces with the Crc protomers, which form an anti-parallel dimer. The 174
Crc protomers form strong polar contacts with mainly the backbone phosphate groups and exposed 175 ribose rings (bottom 2 insets). Two small C2 symmetric binding interfaces constitute the Crc 176 dimerisation (top 2 insets). A single short stretch on each Crc monomer binds a Hfq monomer 177 surfaces to the RNA, to Hfq, and to itself as a homodimer; these small areas work together to give 193 an assembly that is most likely stabilised through chelate cooperativity. Notably, there is a striking 194 absence of any lower order assemblies in the cryo EM micrographs. The 2:2:2 complex is therefore 195 likely to be the minimal complex formed when all components are present and must be constructed 196 in an 'all or nothing' manner, somewhat like a binary switch. 197
The dimer interface of the Crc pair is the largest protein-protein interface in the 2:2:2-198 complex and has a buried area of 766 Å 2 , which typically corresponds to a moderate intermolecular 199
affinity. The key dimerization interface is maintained by salt bridges between Arg229-Arg230 of one 200
Crc monomer and Glu142 of the second Crc monomer, which is further stabilised by pi-stacking of 201 the Phe231-Phe231 rings at the point of symmetry (Figure 2A and Crc variants (top) and of ribosomal protein S1 (loading control) were determined by quantitative 221 western-blot analysis using anti-Crc and anti-S1 antibodies, respectively. The western-blot analyses were 222 performed in triplicate. The result from one representative experiment is shown.
224 225
The observed interactions shown for the 2:2:2 Hfq:Crc:RNA complex ( Figure 2A 
Function, origins and validation of subunit cooperativity in the 2:4:2 complex 253
The protomer interactions of the 2:2:2 assembly are highly interdependent, and once the core 254 complex is generated it can recruit additional Crc molecules, forming the 2:3:2 and 2:4:2 complexes. 255
In the 2:4:2 complex, a second type of Crc dimer seems to assemble with a smaller buried surface 256 ( Figure 3A ). Such additional dimers can only form when an intact 2:2:2 core complex is present, as 257 they are not observed in the core complex itself nor in solution or through crystallographic 258 symmetry (Milojevic et al., 2013). Notably, the additional dimer is a more 'open' conformation of 259 the crystallographic Crc dimer in the core, which is further supported by normal mode analysis (data 260 not shown). The same key Crc dimer interface is occupied but seems to serve as a dynamic hinge, 261
whereas the secondary, smaller, dimer interface between the Crc helices is absent to allow the new 262 Crc dimer to adopt an 'open' conformation. Arg230 is reorganised by Glu193 in the same protomer 263 to self-interact with the corresponding Arg230 in the partner Crc, rather than with Glu142 264 (Supplementary movie 1). Additional hydrogen bonds are formed between Arg233 and Glu193, 265
whereas Arg229 is no longer part of the dimer interface ( Figure 3A ). Both Arg230 and Glu193 seem 266 to play pivotal roles in providing the structural freedom to form a dynamic hinge ( Figure 3C ). interactions not present in the 2:2:2 complex. The Crc3-4 dimer is formed by only one interface, 271
with an R230-R230 interaction at the core, which globally overlaps with the dimer interface of the 272
Crc1-Crc2 dimer (top left inset). Only one of two RNA binding patches is presented to amiE 6ARN in 273
the Crc3-4 dimer, yet exploited more extensively (right inset). A small interface is formed between interface of the Crc1-2 dimer, and in the context of the Hfq/Crc/RNA assembly it could potentially 282 serve as a conduit for RNA (dotted white arrow). The A, R, and E sites are annotated.
284
Only the Arg233-Glu193 interaction is unique for the 2:4:2 assembly and was assessed in 285 vivo. Strikingly, Crc E193R fully abrogated repression of the amiE:LacZ reporter gene ( Figure 3B ). The 286 model predicts that the deleterious Crc E193R mutation can be compensated by the substitution of 287 Crc R230E to re-establish the interaction. This pair does indeed behave as predicted, further confirming 288 the in vivo importance of the 2:4:2 assembly during CCR ( Figure 3B ). By reorganising the extra Crc 289 molecules 3 and 4 that bid the 2:2:2 core ( Figure 3A) , the alternative Crc dimer is able to utilise one 290 of two basic patches on its surface when engaging amiE 6ARN without causing steric hindrance to the 291 already bound crystallographic dimer. 292
In addition to Crc Arg140 and Arg141, Crc K139 z-NH 2 makes a hydrogen bond with the OP 2 -293 group of A12, Arg138 h 1 -NH 2 interacts with the ribose hydroxyl group of C9 and K135 z-NH 2 forms 294 a hydrogen bond with the A11 OP 2 . Finally, the O2 of cytosine C12 engages in a hydrogen bond with 295 the backbone amino group of Arg140. Direct interactions between the reorganised Crc dimer and 296
Hfq are limited to the same Crc b-strand and exposed loop of a sole Hfq monomer, as in the core 297 complex. Due to the open conformation of the alternative Crc dimer, the Hfq Thr49 hydroxyl group 298 now forms a hydrogen bond with the Ala 78 amide group ( Figure 3A) . 299
Interestingly, a basic half-channel is formed over the core dimer interface, with additional 300 basic patches spread over the RNA binding surface of the Crc dimer ( Figure 3D ). Speculatively, longer 301 RNA species could travel though the surface exposed half-channel and interconnect all components 302 of the core complex into a highly organised assembly on this target RNA. and observed that the RNA encircled the distal face of the Hfq hexamer via a repetitive tripartite 307 binding scheme. Each base triplet is partially embedded between adjacent Hfq monomers and is 308 mostly surface exposed, folding into a 'crown-like' conformation. We observe striking similarities 309 with the fold of the authentic amiE 6ARN species on the distal side of the P. aeruginosa Hfq hexamer 310 ( Figure 4) . Notably, the cryoEM maps were calculated without any reference to the Link et al. 
Discussion 343
Many functional studies have highlighted how global posttranscriptional regulators cooperate with 344 each other and their RNA targets to control the fate of transcripts with high specificity. A major gap 345 in our current understanding has been the lack of high resolution structural data of these highly 346 coordinated cellular processes. Here we report the first atomic model of Hfq interacting with a 347 translational initiation region (amiE 6ARN ) and a partner protein to form a multi-component assembly 348 interaction with amiE 6ARN follows the same rules. The A-R-N repeat occurs in many RNAs, and it has 356 been proposed that the exposed bases could mediate RNA to RNA interactions (Schulz et al., 2017) . 357
It is also a recurring motif in the nascent transcripts that are associated with Hfq and Crc in 358
Pseudomonas (Kambara et al., 2018). We observe that the exposed bases (entry/exit site) and RNA 359 backbone in the Hfq/amiE 6ARN complex are available for interactions with Crc to form a cooperative 360 assembly that efficiently mediates catabolite repression in vivo when the preferred carbon source 361 is available ( Figure 5) . 362 Crc with both binding partners. It also accounts for the observed decrease in the off-rate on the RNA 372 substrate (Sonnleitner et al., 2018). It is conceivable that full repression is only achieved when 373 amiE 6ARN is masked entirely in the 2:4:2 complex, which is supported by our in vivo studies. 374
The question arises why a higher order assembly such as the 2:2:2 core is formed and not a 375 simpler complex. The structural data indicate that the dimerization of Crc provides the key step for 376 formation of the 2:2:2 complex, because it will pre-organise a copy of the surface that interacts with 377 the Hfq/RNA so that a second Hfq/RNA complex can be recruited. Thus, all components are 378 necessary to form the complex so that there is no formation of lower order 'sub assemblies'. The 379 structural data are consistent with Crc having no capacity for RNA binding by itself (Milojevic et al., 380 2013). The Hfq/Crc/RNA complex is thus assembled in a checklist-like manner through numerous 381 small contacting surfaces and when the RNA target is presented by Hfq in a specific, well-defined 382 configuration. In this way, the components interact mutually through chelate cooperative effects. 383
Most likely the 2:2:2 core forms first, then the other Crc components are recruited. 384
We envisage that the 2:2:2 core and higher order assemblies might interact with other longer 385
RNAs. The higher order assembly could capture two of such mRNA substrates ( Figure 5 ), but chelate 386 effects might instead induce formation of the complex on a single mRNA target. In that scenario, a 387 portion of the mRNA would thread through the central basic half channel as depicted in Figure 3D . for Hfq/Crc to prevent repression of genes encoding proteins required for utilizing the less preferred 396 carbon sources ( Figure 5 ). How the CrcZ RNA is displaced from Hfq/Crc remains unknown. However, 397 the assemblies are likely to be dynamic and the displacement process might resemble that proposed 398 for the step-wise exchange of sRNAs on Hfq (Fender et al., 2010). Recent findings show that the 399 regulatory spectrum of Hfq and Crc is much broader than initially expected. Hfq was found to bind 400 more than 600 nascent transcripts co-transcriptionally often in concert with Crc (Kambara et al., Williams, C., Headd, J., Moriarty, N., Prisant, M., Videau, L., Deis, L., Verma, V., Keedy, D., Hintze, 591 B., Chen, V., Jain, S., Lewis, S., Arendall, W., Snoeyink, J., Adams, P., Lovell, S., Richardson, J. and 592
Richardson, D. (2017). MolProbity: More and better reference data for improved all-atom 593 structure validation. Protein Science, 27(1), pp.293-315. 594 727
In vitro co-IP studies 728
The co-IP studies in the presence of 40 pmol of Hfq-hexamer, 120 pmol of Crc protein or of the 729 respective Crc mutant proteins and 40 pmol amiE 6ARN RNA were performed as described 730 (Sonnleitner et al., 2018). 731 732
Western blot analyses 733
Equal amounts of proteins were separated on 12% SDS-polyacrylamide gels, and then electro-734 blotted onto a nitrocellulose membrane. The blots were blocked with 5% dry milk in TBS buffer, and 735 probed with rabbit anti-Hfq (Pineda) and rabbit anti-Crc (Pineda) antibodies, respectively. Immuno-736 detection of ribosomal protein S1 served as a loading control. The antibody-antigen complexes were 737 visualized with alkaline-phosphatase conjugated secondary antibodies (Sigma) using the 738 chromogenic substrates nitro blue tetrazolium chloride (NBT) and 5-Bromo-4-chloro-3-indolyl 739 phosphate (BCIP). 740 741
